A simple approach is presented for approximating Lamb shifts, the leading quantum electrodynamical ͑QED͒ effects, in molecules containing light elements. The Lamb-shift contributions to the electronic energies are estimated from scaled nuclear and electronic Darwin terms. QED effects on the rovibrational states of water are found to be significantly larger than current experimental uncertainties, and only one order of magnitude smaller than current computational uncertainties. The purpose of this paper is to make three points: ͑1͒ For relatively light atoms the Lamb shift, the leading quantum electrodynamic ͑QED͒ effect, can be estimated straightforwardly from the nonrelativistic electron density; ͑2͒ precision of quantum chemical treatments applied to predict thermochemical data or rovibrational spectra of small molecules has become so high that it is now worth discussing QED effects; ͑3͒ the highly excited rotational and vibrational states of water are a good candidate for seeing the Lambshift effects. Accurate measurements are available, and the molecule is sufficiently small for accurate calculations and important.
The purpose of this paper is to make three points: ͑1͒ For relatively light atoms the Lamb shift, the leading quantum electrodynamic ͑QED͒ effect, can be estimated straightforwardly from the nonrelativistic electron density; ͑2͒ precision of quantum chemical treatments applied to predict thermochemical data or rovibrational spectra of small molecules has become so high that it is now worth discussing QED effects; ͑3͒ the highly excited rotational and vibrational states of water are a good candidate for seeing the Lambshift effects. Accurate measurements are available, and the molecule is sufficiently small for accurate calculations and important.
The precision of the best electronic structure calculations is now so high that they require kinetic relativistic corrections during computation of thermodynamic and spectroscopic properties of all molecules. For elements up to the third row ͑Na-Ar͒, first-order perturbation theory with the Dirac-Pauli Hamiltonian is adequate. Its three one-electron parts, for an effective potential V(r) ͑in atomic units͒,
•ٌ͑V ͒ϫp, ͑1͒
are called the mass-velocity, Darwin, and spin-orbit contributions, respectively. For light closed-shell molecules, the mass-velocity plus Darwin ͑MVD͒ approximation is an excellent one. For a Coulomb potential ٌ 2 VϭϪ4Z␦(r). The relativistic effects on the valence properties of the various elements are now largely known ͓1͔ and grow roughly like Z 2 , where Z is the full nuclear charge. For the sixth-row ͑Cs-Rn͒ and heavier elements, they become large enough to explain many of their unique chemical and physical properties, as compared with lighter analogs. In highly accurate calculations they are relevant for all elements.
What has not been considered for molecules of chemical interest is the treatment of physical effects beyond the DiracCoulomb-Breit approximation. These leading Lamb-shift contributions are the vacuum polarization and self-energy terms, both formally of order ␣ 3 . For the light systems H 2 and H 2 ϩ both the experimental and theoretical accuracies are very high and the ͑small͒ leading Lamb-shift terms have long been evaluated and found relevant ͓2-6͔. 
A slightly different approach is to start from the selfenergy expression
which gives the ratio
͑6͒
The raw data for the function F(Z␣) were obtained from the papers of Mohr and co-workers ͓15-19͔. The data were fitted to a function of Z␣ after subtraction of the known analytic terms, with Bethe logarithms from Drake and Swainson ͓20͔. The factors F(␣Z) are quoted in Table I . Numerical values for both approaches are given in Table II . Finally we get for the two-electron term the ratio ͓21͔
Like the Pauli approximation itself, Eqs. ͑3͒, ͑6͒, and ͑7͒ should be used only with nonrelativistic wave functions. The precision of these estimates is difficult to give, but could be of the order of a few percent. Equation ͑3͒ is expected to be too small for higher nuclear charges and even changes sign at higher Z ͑see Fig. 1͒ . The (␣Z) 4 energy of the exact relativistic solution for Coulombic s states remains smaller than the Lamb shift ͑6͒ up to Zϭ28 ͓23͔. With Breit-Pauli kinetic terms, the present estimates should be useful up to Ca (Z ϭ20) or so. With the Dirac equation for the kinetic energy, they will be useful for even higher Z.
For practical calculations, Eq. ͑6͒ is recommended. As an example we considered here the ab initio prediction of the Z n Eq. ͑3͒ Eq. ͑6͒ Z n Eq. ͑6͒ Z n Eq. ͑6͒ 
FIG. 1. The ratio E
Lamb /E Darwin from the present Eq. ͑3͒ and Eq. ͑6͒ and the Bjorken-Drell expression ͑4͒.
rovibrational states of water, where not only is the accuracy of the electronic structure calculations ͓24,25͔ high but the MVD terms have a substantial effect on the rovibrational eigenspectrum ͓26͔.
The Lamb shift as a function of geometry was evaluated using the molecular E 1 Darwin energies of Ref. ͓26͔ which were scaled by Eq. ͑6͒ ͑Table I͒ to obtain E 1 Lamb . While the twoelectron Darwin and one-electron Lamb terms are comparable, the two-electron Lamb terms ͑7͒ never exceeded 0.05 cm Ϫ1 and were neglected. CCSD͑T͒/cc-PVQZ wave functions were used. The Lamb shift raises the electronic total energy of water at its equilibrium geometry by 1064.1 cm Ϫ1 . The barrier to linearity of water, the subject of considerable recent ab initio attention ͓29͔, is lowered by 3.88 cm Ϫ1 . This contribution to the total energy is comparable with the Breit value of 1663 cm Ϫ1 ͓27͔. Calculations on the rotational and vibrational states of water were performed using the best available ab initio BornOppenheimer ͑BO͒ potential ͓24͔ augmented by a massdependent adiabatic or Born-Oppenheimer diagonal correction ͑BODC͒ ͓28͔ and a relativistic surface ͓26͔. Nonadiabatic effects were partially allowed for by using a hydrogenic mass midway between the nuclear and atomic values ͓28͔. This model corresponds to the best one used by Császár et al. ͓26͔ .
Nuclear motion calculations were performed with the DVR3D program suite ͓30͔ to an accuracy sufficient for all figures quoted. Sample energy levels for H 2 16 O calculated with and without the Lamb-shift contribution are presented in Table III . Although the shifts are small in many cases, they are significant in some. For example, the vibrational band origin of the ''bright state'' ͑501͒, which is more accurately represented in local mode notation as (50) Ϫ 0, shifts by almost 1 cm Ϫ1 ; this is 10 3 times the experimental error with which this level has been determined ͓31͔. Similarly, the 20 200 rotational level is shifted by more than 0.7 cm Ϫ1 , some 500 times the present experimental accuracy ͓31͔, which in this case could be improved by up to three orders of magnitude using current technology. The Lamb-shift effect increases with increasing excitation both for the vibrations and for the rotations.
Although our predicted contributions due to the Lamb shifts are in all cases significant compared to experimental accuracy, they are smaller than the accuracy of presently available ab initio techniques. It is therefore necessary to consider the sources of error in our potential-energy surface. Our ab initio calculation is underpinned by the following components: the BO potential, the BODC, the kinetic relativistic correction, and the nonadiabatic correction. Two of these, the BODC and the kinetic relativistic correction, are accurate to better than the contribution of the Lamb shift, a view confirmed by independent calculation of these quantities ͓24,27͔. The dominant source of error arises from the nonrelativistic BO potential ͓24,26͔. While such quantum chemical calculations can be improved by larger basis sets and higher level of electron correlation, the nonadiabatic corrections are more problematic. Our use of effective masses is taken from procedures developed for diatomic systems. It is possible to use the effective mass to test the magnitude of this correction. Small changes in the effective mass for the (0n0) bending states give shifts similar in magnitude to the QED effects on these states. However, for the stretching modes the shifts due to QED effects were found to be much larger, usually by an order of magnitude. Thus the functional forms of the nonadiabatic and QED effects are different. Furthermore, both the BODC and nonadiabatic effects are mass dependent and their contribution can be characterized using isotopic substitution.
In conclusion, we present a straightforward method for estimating the leading quantum electrodynamical effects in light molecules. This correction may increase the physical accuracy of the best quantum chemical calculations by an order of magnitude. Improvements in procedures for computing the ab initio Born-Oppenheimer potential energy surface for the electronic ground state of water should lead to the situation where the much studied spectrum of water can be used as a probe of Lamb-shift effects.
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